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Infection with pathogenic microbes often results in a significant
inflammatory response. A cascade of proinflammatory cytokines
including tumor necrosis factor « (TNF-a) and IL-1 initiates this
response. Although there is a clear role for IL-1 during infection,
little is known to distinguish the role of IL-1a from that of IL-18
during this process. With the use of Yersinia enterocolitica as a
model enteric pathogen, we have identified a specific role for IL-1«
in inducing pathologic inflammation during bacterial infection.
Depletion of IL-1« in mice infected with wild-type Y. enterocolitica
results in significantly decreased intestinal inflammation. Further-
more, a bacterial mutant that does not induce IL-1« expression but
induces normal levels of IL-1B8, TNF-«, and IFN-vy, causes greatly
reduced intestinal inflammation and is attenuated by LDso analysis
in the C57BL/6 mouse model. These results demonstrate a distinct
and unrecognized role for IL-1« in inducing intestinal inflammation
that cannot be compensated for by the endogenous levels of IL-1p,
TNF-a, or IFN-y that are produced in response to Y. enterocolitica.
Additionally, these results suggest that IL-1a-induced inflamma-
tion is a major contributor to the pathology of yersiniosis.

Yersinia enterocolitica (Ye) is a Gram-negative enteric patho-
gen that infects both humans and mice (1). Ye infection
leads to an acute inflammatory disease, typically manifesting as
a self-limiting infection of the gastrointestinal tract and the
mesenteric lymph nodes, resulting in gastroenteritis and lymph-
adenitis. The bacteria are usually ingested with contaminated
food or water and travel to the terminal ileum, where they attach
to and invade through the M cells that overlay the Peyer’s
patches (PPs) (2). The bacteria then survive and replicate
extracellularly in the PPs before dissemination to deeper tissues.

To survive in the tissues of the host animal, Ye, as well as
several other Gram-negative enteric pathogens (Shigella and
Salmonella), have developed complex strategies for the modu-
lation and evasion of the host immune response. Many of the
proteins responsible for the modulation of the host response are
delivered to the host cell via a type III secretion system (3). For
example, the ability of Ye to modulate the respiratory burst in
vitro, as well as to resist phagocytosis by professional phagocytes,
is the result of several Ye proteins that are delivered by the type
III system. Despite this ability to modulate certain aspects of the
immune response, a key feature of the pathology of a Ye
infection is intestinal inflammation (4). Although it is likely that
this inflammatory response is part of an attempt by the host to
eliminate the pathogen, it may also contribute to the virulence
of the organism. Thus, this inflammatory response may be a
common virulence mechanism used by enteric pathogens, as
intestinal inflammation is a common feature of the infectious
process of these bacteria (5).

Recently it has become evident that in addition to the
plasmid-encoded virulence genes, there are numerous virulence
genes encoded on the Ye chromosome (6, 7). The global
virulence regulator, RovA, is required for the expression of a
variety of chromosomally encoded virulence genes including inv,
which encodes the primary invasion factor invasin (8, 9). How-
ever, RovA does not appear to regulate the virulence plasmid-
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encoded effector genes that have been implicated in the mod-
ulation of the immune response to Ye infection (10).

As mentioned above, a common feature of the innate immune
response to microbial pathogens is the localized production of
proinflammatory cytokines, leading to the influx and activation
of neutrophils and macrophages at the site of infection, resulting
in inflammation. One of the most potent and pleiotropic proin-
flammatory cytokines is IL-1. There are two distinct forms of
IL-1, designated IL-la and IL-1B, which bind to the IL-1
receptor, eliciting responses ranging from the costimulation of T
cells to anorexia, fever, and the induction of acute-phase re-
sponses (11). Because the two forms of IL-1 bind to the same
receptor, it generally has been assumed that the two forms of the
cytokine elicit similar responses (12). However, in this report we
present evidence that IL-1« plays a distinct role in the induction
of intestinal inflammation in the PPs in response to infection
with the bacterial pathogen Ye. Furthermore, IL-1a expression
appears to depend on the presence of a functional copy of the
rovA gene. Interestingly, the defect in inflammation cannot be
compensated for by IL-13, tumor necrosis factor a (TNF-a), or
IFN-v, nor is the expression of these proinflammatory cytokines
sufficient for the intestinal inflammatory response to a Ye
infection.

Materials and Methods

Mice. Six- to eight-week-old female C57BL/6, BALB/c, and
129SV/j mice were purchased from Charles River Breeding
Laboratories and maintained in the barrier facility at Wash-
ington University School of Medicine. Mice were given free
access to food and water throughout all experiments. Animals
were killed by carbon dioxide asphyxiation. The Washington
University committee on animal studies approved all animal
experiments.

Reverse transcription-PCR was done as follows. PPs were
excised and placed in RNAlater solution (Ambion, Austin, TX)
until they were used. PP tissue was mechanically disrupted in
Trizol solution (GIBCO/BRL) according to the manufacturer’s
instructions and then treated with DNase. Total RNA was
treated with 20 units of RNase-free DNase (Roche Molecular
Biochemicals) for 2 h at 37°C. Twenty-five micrograms of total
RNA was reverse-transcribed with the use of Moloney murine
leukemia virus reverse transcriptase and a random hexanucle-
otide. The product from the reverse-transcription reaction was
then used in a PCR with TAQ DNA polymerase (Qiagen,
Chatsworth, CA) and primers specific for the indicated cytokine:
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IL-1a, 5'-GATGCAAGCTATGGCTCACTTCATG; IL-1ax 3'-
GCAGCTGATGTGAAGTAGTTC; IL-1B, 5'-CTGTTCCTG-
AACTCAACTGTG;IL-18,3'- GGGTATTGCTTGGGATCC-
ACA; IFN-vy, 5'-AGCGGCTGACTGAACTCAGATTGTAG;
IFN-v, 3'-GTCACAGTTTTCAGCTGTATAGGG; TNF-q, 5'-
GGCAGGTCTACTTTGGAGTCATTGC; TNF-a, 3'-ACAT-
TCGAGGCTCCAGTGAATTCGG; B-actin, 5'-TGGAATCC-
TGTGGCATCCATGAAAC, and B-actin, 3'-TAAAACGCA-
GCTCAGTAACAGTCCG. PCR products were separated by
electrophoresis on a 1.5% agarose gel and then stained with
ethidium bromide to visualize the DNA.

IL-1 Immunohistochemistry. C57BL/6 mice were infected with 1 X
107 colony-forming units (cfu) for wild type and 1 X 10° cfu for
the rovA mutant. Ye strains used in this study were derivatives
of the serogroup 08 strain 8081. For more details about the
strains see Revell and Miller (10) and the references therein. The
rovA mutant used in this study (YVM 641) was produced by
replacing the chromosomal copy of the rov4 gene in our
wild-type strain with an erythromycin cassette. The mice were
then killed after 3 or 7 days, and the small intestines were
removed, embedded in OCT compound, and flash-frozen. Sec-
tions were cut on a cryostat and fixed in methanol before
staining. Tissues were rehydrated in PBS. Peroxidase activity was
blocked by incubation with 0.3% hydrogen peroxide and then
blocked with BSA and milk. Sections were incubated overnight
with the indicated antibody at a concentration of 1 ug/ml. The
antibodies used were hamster anti-IL-1a and anti-IL-138 mAb
(mAb 161.1 and B122, respectively) (13, 14). Sections were
washed with PBS and then incubated for 1 h with a biotinylated
goat anti-hamster antibody (Pierce) in blocking buffer with 10%
normal goat serum. Sections were washed in PBS and then
incubated with 1 pg/ml streptavidin-horseradish peroxidase for
1 h. Sections were washed in PBS, and then positive staining was
detected with the use of Tyramide Signal Amplification 3’
cyanine (DuPont/NEN) and fluorescence microscopy.

Peritoneal Macrophages. C57BL/6 mice were injected i.p. with 3
ml of a sterile lipopolysaccharide-free 2% starch solution. After
4 days the mice were killed, and the peritoneal cavity was washed
with DMEM containing 10% FCS. Peritoneal exudate cells were
collected and plated in 6-well dishes at 107 cells per well. After
4 h the cells were extensively washed with PBS to remove the
nonadherent cells and then maintained in RPMI medium 1640/
10% FCS until they were used. Eighteen hours before they were
used the peritoneal macrophages were activated with 100 units
of recombinant IFN-y (R & D Systems), and then the indicated
bacteria were cocultured with the macrophages for 4 h before
RNA extraction for reverse transcription—-PCR. For assays in-
volving the inducible rovA plasmid, cells were washed and then
resuspended in RPMI-1640—glucose, supplemented with 0.2%
arabinose and 10% FCS. The wild-type copy of the rovA gene
was placed under the control of the Pgap promoter carried on
the pBAD33 plasmid.

Immunodepletion of IL-1c. C57BL/6 mice were injected i.p. with
200 pg of mAb 161.1 or irrelevant hamster IgG at day —1 and
day +1.5 relative to the inoculation of the wild-type bacteria. On
day 3 after infection the mice were killed, and the small intestines
were removed. The lumen of the intestine was flushed with PBS
and then fixed in 10% neutral buffered formaldehyde before
being embedded in paraffin and stained with hematoxylin and
eosin. Statistical significance (unpaired two-tailed P value) was
calculated with the Mann—Whitney test.

Results and Discussion

When mice were infected with high doses of the rovA mutant
bacteria (1 X 10° cfu), gross examination of the intestines at
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necroscopy revealed very little intestinal inflammation as com-
pared with mice infected with wild-type Ye (not shown). His-
tological examination of PPs from mice infected with rov4 or
wild-type Ye revealed significant differences in pathology (Fig.
1). During a wild-type Ye infection pathological changes were
apparent by day 3; there was infiltration of both neutrophils and
macrophages, initiation of granuloma formation, and changes in
the architecture of the lymphoid follicle. By day 7 necrosis was
usually evident in the mice infected with wild-type Ye, consistent
with previous results (15, 16). In contrast, mice infected with the
rovA mutant were indistinguishable from the baseline controls
showing no detectable inflammation. The rovA mutant never
showed necrotic changes at the time points investigated, even at
day 7, when necrosis was common during the wild-type Ye
infection. These results suggest that there is a fundamental
difference in the inflammatory response to the rov4 mutant.

To further investigate the molecular basis of the differences in
inflammatory response to the rov4 mutant, mice were infected
orally with either wild-type Ye or the rov4 mutant. Then on days
1, 3, and 7, RNA was extracted from the PPs and subjected to
reverse transcription—-PCR, with primers specific for the proin-
flammatory cytokines IL-1¢, IL-1B, TNF-«, and IFN-vy and, as
a control, B-actin. The mice infected with the rovA mutant failed
to induce IL-la at any time point investigated (Fig. 24). Ex-
pression of IL-18, TNF-«, IFN-v, and B-actin was comparable
between mice infected with either the rov4 mutant or wild-type
Ye, ruling out a general defect in an innate immune response to
bacterial infection. Interestingly, the differences in IL-1a ex-
pression were independent of invasin expression, as an inv
mutant was indistinguishable from the wild-type Ye when tested
as described above (not shown). Likewise, similar results were
observed in BALB/c, 129SV/j, and C57BL/6 mice, suggesting
that these results are not mouse strain-specific (not shown).

To determine whether the differences in IL-1a mRNA levels
correlated with differences in protein expression in vivo, PPs
were examined immunohistochemically. Mice were infected
orally with either the rov4 mutant or wild-type Ye. On days 3 and
7, the mice were killed, and the small intestines were removed
and prepared for immunohistochemistry. Tissue sections were
then stained with antibodies specific for either IL-1a or IL-13
(mAD 161.1 and mAb B122, respectively) (13, 14). Mice infected
with wild-type Ye showed positive staining with antibodies
specific for IL-1« and IL-18, whereas the PPs from mice infected
with the rovA mutant only showed reactivity with the IL-13
antibody (Fig. 2B). Samples from uninfected mice (baseline
control) did not show staining with either antibody (data not
shown).

To determine the number of bacteria in the PPs of the mice,
PPs were removed, and the number of cfu was determined. The
rovA-infected mice were colonized with about two logs fewer
bacteria than the wild-type infected mice, consistent with the
difference in LDsy observed (Fig. 2B) (10). However, the
differences in IL-la expression appear to be independent of
bacterial load in the doses tested (see below). These results show
a correlation between mRNA and protein expression for IL-1«
and IL-18. Importantly, they also show that while there are
dramatic differences in the levels of IL-1« in the PPs of the rovA4
and wild-type infected mice, the levels of IL-183 are comparable.
Thus, the observed differences in inflammation during the
infection with the rovA mutant correlate with differences in
IL-1« levels.

The role of the rovA4 gene in the induction of IL-1« was further
investigated in vitro. Because plasmid vectors are extremely
unstable in vivo it was not possible to complement the rovA4
mutant in the mouse infection experiments. However, an in vitro
assay was developed to test for complementation. When IFN-
y-activated peritoneal macrophages were cocultured with equal
numbers of either wild-type Ye or the rov4 mutant, results
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similar to those observed in vivo were obtained (Fig. 2C).
Macrophages cocultured with wild-type Ye expressed IL-1e,
whereas macrophages cocultured with the rovA mutant did not.
Furthermore, the loss of IL-la expression could be comple-
mented; when the macrophages were cocultured with the rovA4
mutant carrying an inducible copy of the rovA4 gene on a plasmid,
expression of IL-1a was restored. IL-1a expression levels ob-
tained with the rovA complemented bacteria were comparable to
those observed when the macrophages were cultured with
wild-type Ye. The expression of TNF-a and IL-13 was not
altered when activated macrophages were cultured with the rov4
mutant versus the wild type (not shown), consistent with the in
vivo data. These data suggest that differences in IL-1« expression
levels are due to the loss of RovA and presumably the loss of one
or more of the RovA regulated genes, which is an interesting
result because, like the rovA mutant, the inv mutant shows
decreased bacterial numbers in the PPs at early time points (17).
Nevertheless, the inv mutant is capable of inducing wild-type
levels of IL-1a (not shown), suggesting that a RovA-regulated
gene other than invasin is responsible for the induction of IL-1«.
Furthermore, these data suggest that the lower bacterial num-
bers encountered in the PPs during an inv mutant or a rovA4
mutant infection are sufficient to induce the expression of IL-1a.

To determine whether the failure to induce IL-1a could be
responsible for any of the observed pathological and virulence
phenotypes associated with the rovA mutation, the biological
role of IL-1« in the inflammatory pathology of yersiniosis was
tested in vivo. Mice were depleted of IL-1« with the use of an
IL-1a-specific neutralizing mAb (mAb 161.1) and then in-
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Fig. 1. Histological examination of PPs after infection
with Ye. C57BL/6 mice were orally infected with either
wild-type Ye (1 X 107 cfu) or the rovA mutant (5 X 10°
cfu) for the indicated amount of time. To visualize
inflammation intestinal sections were stained with he-
matoxylin and eosin. As a control mice were mock-
infected with PBS. (Original magnification: xX40.)

fected with wild-type Ye. After 3 days the intestines were
removed from the mice and prepared for histology. Mice
depleted of IL-1a and infected with the wild-type Ye were
indistinguishable from the rovA4-infected mice and the baseline
control mice when examined by hematoxylin and eosin staining
of the PPs. These mice had no discernible intestinal inflam-
mation when compared with the isotype control mice or the
PBS-treated mice (P = 0.0014 and 0.08, respectively), suggest-
ing that IL-1« is a required mediator of intestinal inflamma-
tion during a Ye infection (Fig. 34). In the mAb161.1-treated
mice and the rovA-infected mice, one mouse in 10 showed
slight inflammation that correlated with 7% and 4%, respec-
tively, of the total PPs examined for these mice (Fig. 3B). These
mice had more polymorphonuclear leukocytes present in the
PPs than the baseline controls. Nevertheless, these PPs did not
show the extent of infiltration seen with a wild-type infection,
nor were there any changes to follicular architecture or
necrosis. The presence of polymorphonuclear leukocytes was
not totally unexpected, because of the role of the PPs in
intestinal immune surveillance. In contrast, mice infected with
wild-type Ye that had been treated with an irrelevant isotype
control antibody or mock-treated with PBS had significant
intestinal inflammation (Fig. 34). The wild-type infected PPs
showed infiltration of both neutrophils and macrophages,
changes to follicular architecture, as well as necrotic changes
in several of the PPs (Fig. 34). The pathological changes
observed are consistent with changes observed in previous
studies (15, 16). The majority of these mice had intestinal
inflammation: the isotype control-treated group with 57% of
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Fig. 2. Mice orally infected with the rovA mutant do not express IL-1a in PPs. (A) Reverse transcription-PCR of total RNA from the PPs of C57BL/6 mice orally
infected with either wild-type Ye (1 X 107 cfu) or the rovA mutant (1 X 10° cfu) for 1, 3, or 7 days. Amplified DNA was separated on a 1.5% agarose gel and
visualized with ethidium bromide staining. (B) Immunohistochemical staining of PPs from C57BL/6 mice orally infected with wild-type Ye or the rovA mutant
as described above. PPs were stained with antibodies specific to IL-1« or IL-18 followed by detection with the use of tyramide signal amplification. PPs were
visualized by fluorescence microscopy. (Original magnification: X200.) The number of viable Ye in the PPs was determined by plating PP tissue extracts on Petri
plates specific for Ye. Results are presented as cfu/g for the surviving mice in each group. (C) RovA will complement the defect in IL-1a expression. Peritoneal
macrophages were obtained from C57BL/6 mice, activated with IFN-y for 18 h and then cocultured with (lane 1) wild-type Ye, (lane 2) rovA mutant, or (lane 3)
the rovA mutant carrying an inducible copy of the rovA gene on a plasmid for 4 h. RNA was extracted and treated as described for A.
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IL-1einduces intestinal inflammation in response to Ye infection. (A) C57BL/6 mice were treated with an IL-1a neutralizing antibody 161.1, an irrelevant
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hamster isotype control antibody, or PBS. These mice were then infected orally with wild-type Ye (1 X 107 cfu). Mice were infected for 3 days and were then
prepared for histology as described in Fig. 1. For comparison, PBS-treated mice were infected with the rovA mutant (1 X 10° cfu) and then processed in the same
way as the mice treated with antibodies. (B) Quantification of the inflammatory response. PPs treated as described in A were examined in a blind fashion by three
separate investigators. Ten mice were examined in two independent experiments of five mice each and scored for inflammation. If a mouse had an inflamed
PP ashaded box representsit. The ratio of inflammed to noninflammed patchesis presented. n = the total number of PPs examined for each experimental group.

the examined PPs showed inflammatory changes, and the
PBS-treated group with 36% of the examined PPs showed
inflammatory changes (Fig. 3B).

The possibility that any changes in pathology due to IL-la
depletion were a result of an inability of the bacteria to colonize
the PPs of IL-1a-depleted mice was ruled out as follows. Mice
were treated with neutralizing antibody or control antibody as
described above and then were infected with wild-type Ye for 3
days. The mice were killed, PPs were aseptically removed, and a
single cell suspension was made and plated on Petri plates
selective for Ye. Depletion of IL-1a did not have a significant
effect on the numbers of bacteria recovered from the PPs of
these mice. The mAb 161.1-treated group had an average
bacterial load of 5 X 107 cfu/g of tissue, and the isotype
control-treated mice had 3.5 X 107 cfu/g of tissue, suggesting
that any differences observed in pathology at this time point
were not due to differences in the numbers of colonizing
bacteria. All together, these data indicate that IL-1« is a major
mediator of intestinal inflammation during yersiniosis.
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Intestinal inflammation is a common aspect of the pathology
of several enteric bacterial pathogens, including Ye. Inflam-
mation is typically mediated by proinflammatory cytokines,
including IL-1 and TNF-a. Although there is a significant
amount of data supporting the role of TNF-« in inducing an
inflammatory response to bacterial pathogens, very little is
known about the role of IL-1 in the host response to these
pathogens (18). One important exception is the work done on
Shigella flexneri, which demonstrates the importance of IL-1
in inducing inflammatory pathology in response to Shigella
infection (19). It has also been known for several years that
both IL-1a and IL-1B are expressed in the PPs of mice infected
with Ye, but the relevance of the expression of these cytokines
during infection was not examined (20).

Although the inflammatory response to enteric pathogens is
clearly an attempt by the host to contain the bacterial infection,
it may also help the bacteria gain access to deeper tissues.
Neutrophils and macrophages are the predominant inflamma-
tory cells involved in the early response to Ye infection. Neu-
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trophils exert their antimicrobial effects by releasing granules
that contain reactive oxygen and nitrogen compounds as well as
proteases. All of these molecules cause coincidental tissue
damage at the site of infection. Ye may exploit this damage to
gain access to deeper tissues. For example, the lamina propria of
PPs from mice infected with wild-type Ye is breeched, allowing
access to both the mucosa and the lumen of the intestine (Figs.
1 and 3). Furthermore, it is not uncommon for the dome of the
PP to be breeched at later points in infection, giving the bacteria
access to the peritoneum and systemic infection (not shown).
The defect the rovA mutant exhibits in inducing an inflammatory
response may explain why the rov4 mutant is defective in the
colonization of the deeper tissues (10) when it should have an
apparent survival advantage due to the decreased inflammatory
response.

The exact mechanism for the observed differences in proin-
flammatory cytokine expression in response to Ye is not yet
clearly understood. One possible model is that wild-type Ye has
a general mechanism for the down-regulation of proinflamma-
tory signals and that the bacteria produce a specific factor that
induces IL-1« signaling leading to inflammation. It is clear that
in vitro Ye is capable of modulating host-cell signaling cascades
involved in inflammatory signaling. The YopJ/P protein is
capable of blocking signaling through NF-«B, p38, c-Jun NH»-
terminal kinase, and extracellular signal-regulated kinase in
vitro, which leads to decreased levels of proinflammatory cyto-
kine expression (21, 22). This model would partially explain the
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subtle virulence phenotype for the YopP protein in vivo (6).
Presumably wild-type Ye induces IL-la in a rovA-dependent
manner, and, as mentioned above, IL-1a-induced inflammation
is required for full virulence.

Until now very little data were available that distinguished
specific roles for IL-la and IL-1B in causing inflammatory
disease. In this report we provide evidence that IL-la is an
essential mediator of Ye-induced intestinal inflammation. Re-
sults obtained with both a bacterial mutant and mice immu-
nodepleted for IL-1a suggest a distinct role for IL-1« during a
bacterial infection that has not been recognized. Significantly,
IL-1B, TNF-«, and IFN-y are not sufficient to induce the
inflammatory changes observed during Ye infection. These data
provide insight into the role of IL-la in the inflammatory
pathology of a Ye infection and may help in the understanding
of the pathology of gastrointestinal disease caused by other
enteric pathogens.
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